The human posterior columns are generally described as a myelinated fibre pathway. The present study demonstrates that more than 25% of the component axons are unmyelinated. Many of these unmyelinated axons are labelled by antibodies to calcitonin gene-related peptide (CGRP), a substance found in sensory cells, axons and terminals. On this basis we suggest that there are significant numbers of unmyelinated primary afferent axons in the human posterior columns. These results indicate that unmyelinated sensory axons are more widespread than previously thought, and that they should be taken into account when considering stimulation of the posterior columns to relieve pain.
INTRODUCTION
Mammalian primary afferent axons are subdivided into large diameter or coarse fibres which travel in the posterior columns (dorsal funiculi) of the spinal cord and fine fibres which travel in Lissauer's tract (dorsolateral fasciculus). Recent electron microscopic observations, however, show significant numbers of unmyelinated axons in rat and cat dorsal funiculi (Langford and Coggeshall, 1981; Chung et al., , 1987 , and loss following dorsal rhizotomy shows that many are primary afferents Chung et al, 1987) . Thus it is important to examine the human posterior columns for unmyelinated sensory axons, particularly since posterior column stimulation is sometimes performed to relieve pain on the basis that only large sensory fibres will be stimulated (Nashold and Friedman, 1972; Murphy and Giles, 1987) .
MATERIAL AND METHODS
The material that forms the basis of the present study was obtained from autopsies of adult humans of either sex, ranging in age from 24 to 80 yrs, who died from diseases unrelated to the spinal cord. Nine autopsies were done but in only 2 (24 and 25 yrs of age, death due to trauma and drowning) was fixation adequate. These were the 2 specimens where the time from death to fixation was 4 h or less. In most of our specimens fixation was 6-10 h after death and the material was unusable because of intracellular swelling. In each case the spinal canal was opened, and the caudal end of the spinal cord and attached roots were immersed in fixative consisting of 3% glutaraldehyde, 3% formaldehyde and 0.1 % picric acid in 0.1 M, pH 7.4, cacodylate buffer. After 10-30 min the sacral spinal cord, which was well fixed, was removed and the caudal part of this block sliced into transverse sections approximately 0.5 mm thick. The constraints of the autopsy procedure prevented us from determining segment levels with exactness. Each section was placed in fresh fixative for 1-3 days.
The above sections were then trimmed into blocks of only the posterior columns, and the blocks were rinsed in 3 changes of 0.1 M, pH 7.4 cacodylate buffer. The blocks were then placed for 2 h in a mixture of 1% osmium tetroxide and 1.5% potassium ferricyanide (Langford and Coggeshall, 1980) in 0.1 M cacodylate buffer. This tissue was then rinsed in 2 changes of 0.1 M, pH 5.2 maleate buffer, placed in a 1% uranyl acetate solution in maleate buffer for 1 h, again rinsed in maleate buffer, dehydrated in ascending concentrations of ethyl alcohol, and embedded face down in a mixture of Epon and Araldite. Sections 1 fim in thickness were cut with glass knives and stained with 0.5% toluidine blue in a 1% sodium borate solution. Thin sections were cut and placed on single hole copper grids covered by a formvar film. The thin sections were stained in 0.2% lead citrate for 30 s, rinsed, dried and placed in a Philips 300 electron microscope.
Since the human posterior columns are so large, we restricted our examination to lower sacral segments and even here a sampling procedure was necessary. Our method, which has been used when estimating numbers of axons in peripheral nerves (e.g., Dyck et al., 1968) was to determine numbers of axons per unit area in sample micrographs and then multiply by the total area of the column (from a low power montage of the dorsal funiculus taken from the same thin sections). As a formula: axon number (sample) x total area of the funiculus (montage)/sum of sample areas = total axon numbers in the funiculus at this level. The sample micrographs were located by placing a randomly orientated orthogonal grid over each montage. Each intersection of the lines of the grid was then marked on the montage and used as the central point of an electron micrograph taken at an original magnification of 3300.
Other thick (approx. 500 /jm) sections fixed as above were stored in cacodylate buffer overnight. The next morning each of these was sectioned with a vibratome (Lancer series 1000) into 25 /jm transverse sections. These were collected in 0.1 M phosphate buffer (pH 7.4). Each 25 fim section was placed in 1 % sodium borohydride in buffer for 30 min and then rinsed in 6 changes of buffer for 5 min each. To aid the penetration of the antibody and still preserve the tissue for electron microscopy, each section was exposed to different concentrations of ethyl alcohol (10%, 25%, 40%, 25%, 10% in PB) for 5 min each. The sections were then stained with antiserum to calcitonin gene-related peptide (CGRP) (a gift from Dr Cary W. Cooper, Department of Pharmacology and Toxicology, University of Texas Medical Branch, Galveston, Texas) by means of the peroxidase-antiperoxidase method (Sternberger, 1979) . The antiserum was raised in rabbits against synthetic human a-CGRP coupled to bovine serum albumin and used at a dilution of 1:2000. When the CGRP antiserum was preabsorbed with purified CGRP antigen (50 fim/m\), there was no staining. Radioimmunoassay revealed less than 0.3% cross reactivity for human calcitonin and less than 0.001% for substance P, dynorphin, cholecystokinin, neurotensin, met-and leu-enkephalin, vasoactive intestinal peptide, bombesin, somatostatin and serotonin (Carlton etal., 1987) . Following the immunostaining, the tissue was placed in 1% osmium tetroxide in cacodylate buffer for 1 h, stained in block with 1% aqueous uranyl acetate, dehydrated in ethanol and flat embedded in a mixture of Epon and Araldite. Sectioning was performed as above.
RESULTS
The human posterior columns, as in other mammals, are the posterior spinal white matter bounded by the Lissauer's tract laterally, the median septum medially, the grey matter of the spinal cord anteriorly and the pial surface posteriorly. Easily visible cytological features of the posterior columns on light microscopy are myelinated axons, glial nuclei and blood vessels. On electron microscopy, these can be seen with greater clarity (figs 1,2). In addition, unmyelinated axons can be seen in the interstices between the other structures (figs 1, 2). The unmyelinated axons are round or oval on cross section, contain neurofilaments and microtubules as well as occasional mitochondria and cisternae of the agranular endoplasmic reticulum, and range in size from approximately 0.1 to 1 /im in diameter (figs 1,2). The unmyelinated axons can be distinguished from similar sized astrocytic processes because of the abundance of intermediate filaments and relative absence of microtubules in the latter (figs 1, 2) . Typical desmosomes unite astrocytic processes in the human posterior columns (fig. 2) . These are not seen in rats, and for this reason we presume they are related to the size of the organism.
A goal of the present study is to present counts of myelinated and unmyelinated axons from the human posterior columns, and the quality of fixation is an important issue in this regard. The fixation is not so critical for myelinated axons because they possess an identifying sheath, but it is impossible to identify unmyelinated axons with certainty in poorly fixed material. This is because glial processes and axons Each figure is from both the right and left sides. Note that unmyelinated axons make up slightly more than 25% of the total. Exact levels of the cord could not be determined but HI was at midsacral levels and H2 at lower sacral levels.
swell with a resultant loss of the size and shape criteria for identification of the cell process. The numbers of myelinated and unmyelinated axons from the right and left posterior columns of the 2 cases that we were able to use are presented in the Table. Note that 26% and 29% of the axons in these 2 cases are unmyelinated.
Axons immunostained with CGRP antibody are common in the posterior columns (figs 3, 4). All labelled axons observed were unmyelinated, and they are found throughout the funiculus but especially in its lateral part. In heavily labelled axons, the labelled materials fills the axoplasm, thus obscuring cytological details ( fig. 3 ), but in more lightly labelled axons, the reaction is associated with rhicrotubules and small granules that are approximately 100 nm in diameter. These localizations are identical to those in rat and monkey (Carlton et al., 1987 ; D. L. McNeill, R. E. Coggeshall and S. M. Carlton, unpublished observations). The labelled axons were numerous and in areas where staining was adequate made up at least 3% of the unmyelinated total.
DISCUSSION
Large myelinated fibres, the majority of which are ascending primary afferent axons, predominate in the mammalian dorsal funiculus. Unmyelinated fibres were also occasionally noted in classical papers (Nageotte, 1903 (Nageotte, , 1904 Tower, 1937; Tower et al, 1941) , but they were not emphasized and there has been little consideration of unmyelinated fibres as a significant component of dorsal funiculi in reviews or texts. This has clinical relevance in that the posterior columns may be stimulated for relief of pain on the basis that only large primary afferent fibres will be activated (Nashold and Friedman, 1972; Murphy and Giles, 1987) . Thus it was a surprise to find unmyelinated fibres in the dorsal funiculi of the rat and cat (Langford and Coggeshall, 1981; Chung et al, , 1987 ). An obvious question was whether any of these unmyelinated fibres arose from dorsal root ganglion cells. We found that significant numbers were lost when the dorsal roots were cut and thus concluded that there is a significant contingent of unmyelinated primary afferent fibres in feline and rodent dorsal funiculi Chung et al, 1987) . The next question, which is the subject of the present paper, is whether unmyelinated sensory fibres can be found in the posterior columns in man.
To do this we must determine how many unmyelinated fibres are in the human posterior columns and provide evidence that at least some of them are primary afferents. The major problems that we faced assessing whether unmyelinated axons are a significant component of the human posterior columns are adequate fixation and adequate sampling. As is well known, perfusion of fixative is usually necessary for optimal neural fixation, but this option was not open to us. Accordingly we used immersion fixation as soon as feasible after death. The results were adequate in 2 of the 9 cases in which this was attempted. In these cases, the myelinated axons have their characteristic sheaths, and the smaller unmyelinated axons can be recognized by their size, 0.1 to 1.0 /zm in diameter, their round or roughly oval shape on cross section, and their characteristic content of filaments and microtubules, along with occasional mitochondria and cisternae of agranular endoplasmic reticulum (Peters et al, 1976) . The only other neural processes in the column are dendrites which extend into the white matter, but they are usually considerably larger, have a radial orientation as compared with the longitudinal axons, and have presynaptic endings on them. Glial processes might also cause confusion, but these have a more irregular shape than axons, and they are characterized by large numbers of intermediate filaments, many more than in axons (Peters et al, 1976) . Thus although some uncertainty can occur, the large majority of processes are easily identifiable, and we conclude that our identifications are relatively accurate.
The second problem, that of sampling, was dealt with by counting all myelinated and unmyelinated axons in sample pictures taken throughout the funiculus, measuring the area of each picture and then multiplying the sums of the axon counts by the total area of the funiculus divided by the area sampled. This obviously leads to some sampling error, but this method has been used to determine axon numbers in large peripheral nerves (Dyck et al., 1968) , and it is extremely unlikely that the error is so great as to affect the conclusions. Accordingly we believe our sampling is adequate.
If the above reasoning is accepted, the conclusion would be that slightly more than 25% of posterior column axons in human sacral spinal cord are unmyelinated. This is the same general percentage as in rats and cats Chung et al, , 1987 . On the basis of the results from the rat and cat, we hypothesized that many of the human axons are processes of dorsal root ganglion cells and thus are primary afferents. The most direct way of showing this would be to demonstrate the loss of unmyelinated axons following dorsal rhizotomy. Such material is not available to us. Accordingly we used a more indirect approach by showing that many fine fibres in the human posterior columns are immunostained by an antibody to CGRP. This is a compound that is found in many small dorsal root ganglion cells, in axons in the dorsal root and Lissauer's tract, and in axons and presynaptic terminals in laminae I and II of the dorsal horn (Rosenfeld et al, 1983; Gibson et al, 1984; Wiesenfeld-Hallin et al, 1984; Lee et al, 1985; Skofitsch and Jacobowitz, 1985a, b; Tschopp et al, 1985; Gulbenkian et al, 1986; Ruda et al, 1986; Su et al, 1986; Carlton et al, 1987) . The above localizations plus the observation that CGRP axons and terminals are almost completely lost from the dorsal horn and Lissauer's tract following dorsal rhizotomy (Gibson et al, 1984 ; K. Chung and S. M. Carlton, unpublished observations) or capsaicin administration (Skofitsch and Jacobowitz, 19856; Su et al, 1986) led to its acceptance as a primary afferent marker. We find in this study that many unmyelinated axons in human posterior columns are labelled by the anti-CGRP. We therefore suggest that unmyelinated sensory fibres make up a significant part of human posterior columns. The functions of these fibres are not known, but they might be remembered when considering dorsal root entry zone lesions to relieve pain or asking why intense stimulation of the posterior columns can cause pain. The coexistence of substance P and CGRP in primary afferent neurons (Dalsgaard et al, 1982; Wiesenfeld-Hallin et al, 1984; Hokfelt et al, 1986; Lundberg and Hokfelt, 1986; Gibbins et al, 1987) might be of interest in this regard.
